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Available online 14 June 2015AbstractTo improve the tracking accuracy of hypersonic sliding target in near space, the influence of target hypersonic movement on radar detection
and tracking is analyzed, and an IMM tracking algorithm is proposed based on radial velocity compensating and cancellation processing of high
dynamic biases under the earth centered earth fixed (ECEF) coordinate. Based on the analysis of effect of target hypersonic movement, a
measurement model is constructed to reduce the filter divergence which is caused by the model mismatch. The high dynamic biases due to the
target hypersonic movement are approximately compensated through radial velocity estimation to achieve the hypersonic target tracking at low
systematic biases in near space. The high dynamic biases are further eliminated by the cancellation processing of different radars, in which the
track association problem can be solved when the dynamic biases are low. An IMM algorithm based on constant acceleration (CA), constant
turning (CT) and Singer models is used to achieve the hypersonic sliding target tracking in near space. Simulation results show that the target
tracking in near space can be achieved more effectively by using the proposed algorithm.
Copyright © 2015, China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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In recent years, with the continuously appearing of near
space hypersonic vehicles, such as X-43 [1] and X-51A [2],
the defense against rapid strike weapons has become an urgent
problem to be solved. The near space target is different from
the traditional aerodynamic target [3] and the satellite orbital
target [4]. It has its unique hypersonic sliding trajectory [5],
and can rapidly attack any target in the world in two hours, but
the existing warning defense system is unable to track and
intercept the threat target effectively. Therefore, it is necessary
to research the tracking of hypersonic sliding target in near
space.
The domestic & foreign researches have been still in the
primary stage for the study of target tracking in near space.* Corresponding author.
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http://dx.doi.org/10.1016/j.dt.2015.05.004
2214-9147/Copyright © 2015, China Ordnance Society. Production and hosting byThe target trajectory, from launch to impact, is divided into
three major phases [6]: boost, coast, and reentry. The boost
phase of motion, which lasts from launch to thrust burnout,
was discussed in Ref. [7] where the vehicle is accelerated to
the designed altitude and velocity for beginning a sliding
trajectory. The coast phase, sustaining the motion of skidding
to the desired range, was analyzed in Ref. [8]. And the reentry
phase, beginning when the sustaining burns are discontinued,
was discussed with the state augment tracking methods in
Ref. [9].
In view of the tracking of this sliding trajectory target, a
modified constant turning (MCT) model was proposed to
enhance the performance of tracking high maneuvering target
[10]. A variable structure multiple model tracking algorithm
based on the directed graph (DG-VSMM) was proposed to
further overcome the weakness of maneuvering target tracking
with the single model [11]. And in Refs. [12,13], the IMM
tracking algorithm is considered one of the most dependable
methods in the field, and the robust tracking can be achieved
through the interaction among different models.Elsevier B.V. All rights reserved.
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of target maneuvering, but have not considered the influence
of target hypersonic velocity. Nevertheless, the target in near
space moves at a hypersonic velocity, and the hypersonic ve-
locity makes a great difference on radar detection and
tracking.
From Ref. [14] we know that the linear frequency modu-
lated (LFM) signal is one of the most famous radar signals,
which is of large time-bandwidth product, and can signifi-
cantly improve the signal-to-noise (S/N) ratio when the
matching filter is performed. But the disadvantage of this
signal is that it is not sensitive to the Doppler shifts [15].
While the Doppler shifts exist as the target moves at a radial
velocity. That is to say, the radar detection and tracking are
inevitably affected by the radial velocity. In the case of lowsoðkÞ ¼ ðt jk t0jÞ sin½pðmjk t0j þ fdÞðt jk t0jÞ
pðmjk t0j þ fdÞðt jk t0jÞ jk t0j<t
exp
n
jpm
 k2  t20  2fdt02oexp

j2pðmðk t0Þ þ fdÞ

t0 þ k
2
	 ð3Þradial velocity, this property from target echo can be approx-
imately neglected. But when the target moves at a hypersonic
velocity, the effect of Doppler shift on the target tracking has
not been discussed for hypersonic movement of the target, and
a solving method has not been mentioned yet in the existing
references.
In this paper, we firstly analyze the influence of target
hypersonic movement on radar detection and tracking. Then
the measurement models of hypersonic sliding target tracking
in near space are established, and the high dynamic biases
which are caused by the target hypersonic movement are
eliminated through the radial velocity estimation and the
cancellation processing method. Finally, an IMM tracking
algorithm based on the CA, CT, and Singer models are utilized
to further achieve the tracking of hypersonic sliding target in
near space.2. Influence of target hypersonic movement on radar
measurements
Since the LFM signal is one of the most famous radar
signals, which is of large time-bandwidth product, and can
significantly improve S/N ratio when the matching filter is
performed. The PC (pulse compression) radar which emits
LFM signal) is selected to discuss the problem of hypersonic
target tracking in near space.
We assume that the PC radar emits the LFM signal
sðkÞ ¼ rect

k
t

cos

2pf0kþpmk2
 ð1Þwhere rectðk=tÞ ¼ 1, jkj  ð1=2Þt, t is the emitting pulse
width, f0 is the central carrier frequency, m ¼ B=t is the FM
rate, B is the FM band width.
When the target moves at a radial speed of v, the received
signal at time k can be expressed as follows
srðkÞ ¼ rect

gðk t0Þ
t

cos

2pf0gðk t0Þ þpmg2ðk t0Þ2

ð2Þ
where t0 ¼ ð2R0=cÞ, R0 is the target distance at time t0, c is the
light speed, g ¼ 1þ ð2v=cÞ.
At this time, if the matched filtering technique is used to the
received signal srðkÞ, the output of the matching filters can be
expressed aswhere fd ¼ ð2v=cÞf0 is the target Doppler shift. Then accord-
ing to the maximum signal-to-noise ratio criterion, the signal
soðkÞ has a maximum value at time k ¼ t0±ðfd=mÞ. That is to
say, the radar measurements are inevitably affected by the
following dynamic biases
Dr ¼ fd
m
c¼ 2vf0t
B
¼ 2vt
Bl
c ð4Þ
In order to evaluate the influence of target hypersonic
movement on the tracking of near space target, the relative
analysis is as follows.
1) When the target moves at a hypersonic velocity, the high
dynamic biases will be brought into the radar measure-
ments of the near space target. For example, when the
target in Fig. 1 moves at a constant velocity of V ¼ 5 km=s
and the motion direction relative to the radar is jk ¼ 10 ,
the target distance and attitude are rk ¼ 600 km and
hk ¼ 20 km, respectively, the radar wavelength is
l ¼ 0:15 m, and the pulse width and band width of the
linear FM signal are t ¼ 600 ms and B ¼ 1:5 MHz,
respectively, the high dynamic biases caused by the target
hypersonic movement can reach to
Drk ¼ 2tc
Bl
V cosðjkÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2k  h2k
q
rk
z7:8 km ð5Þ
while the measurement errors of the conventional radar are
100m around. That is to say, the high dynamic biases, which
seriously affect the tracking of near space target, can not be
neglected.
Fig. 1. Measurement with high dynamic biases of near space target.
2) It can be seen from Eq. (4) that the high dynamic bias
Dr, which is different from the random measurement errors,
varies with the specific parameters of the PC radar, such as
radar wavelength l, pulse width t and band width B).
3) From Eq. (4), we see that the high dynamic bias Dr,
which is caused by the target hypersonic movement, is
proportional to the radial velocity v. The high dynamic bias
Dr increase with the increase in radial velocity v when the
radar parameters remain unchanged.
4) From Fig. 1 and Eq. (5), we see that the high dynamic
bias Dr is also affected by the motion direction jk, the
target distance rk and the target attitude hk. And the influ-
ence of motion direction jk is much larger than the other
ones. This is because when the value of jk is lager,
cos jkz0, the high dynamic bias Dr can be approximately
regarded as nonexistence. When the value of jk is lower,
Drkzð2tc=BlÞV (rk[hk), the high dynamic bias Dr
makes a great difference on near space target tracking.
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space3.1. Measurement transformationFrom the analysis above, we know that the high dynamic
biases are brought into the radar measurements when the
target moves at a hypersonic velocity. In this case, the robust
tracking of near space target is unable to be achieved by single
radar, so the radar network systems under the ECEF coordi-
nate are utilized to overcome the problem here.
We assume that the same target in near space is tracked by
radar A and B at different sites. The measurement of radar
iði ¼ A;BÞ at time k is constructed by the slant range riðkÞ, the
azimuth qiðkÞ and the elevation fiðkÞ. The measurement is
affect by the high dynamic biases above, and is given by2
4 riðkÞqiðkÞ
fiðkÞ
3
5¼
2
4 rðkÞqðkÞ
fðkÞ
3
5þ
2
4driðkÞ þDriðkÞdqiðkÞ
dfiðkÞ
3
5 ð6Þ
where DriðkÞ is the high dynamic bias from Eq. (4),
½rðkÞ; qðkÞ;fðkÞ is the true value of target measurement,½driðkÞ; dqiðkÞ; dfiðkÞT is the measurement noise which dis-
tributes the zero-mean white with covariance matrix
Rdi ¼ diag½s2ris2qis2fi.
Since the influence of measurement errors can be weakened
by unbiased conversion [16], the target measurement under the
north east down (NED) coordinate is given by
ZiNEDðkÞ ¼
2
64l
1
qi l
1
fi riðkÞsin qiðkÞcos fiðkÞ
l1qi l
1
fi riðkÞcos qiðkÞcos fiðkÞ
l1fi riðkÞsin fiðkÞ
3
75 ð7Þ
where lqi ¼ es2qi=2; lfi ¼ es2fi=2.
The measurement under the selected ECEF coordinate can
further be written as
ZiECEFðkÞ ¼MðkÞZiNEDðkÞ þ ZiECEF_OðkÞ ð8Þ
where
MiðkÞ¼
2
4sinðLiðkÞÞ sinBiðkÞcosLiðkÞ cosBiðkÞcosLiðkÞcosðLiðkÞÞ sinBiðkÞsinLiðkÞ cosBiðkÞsinLiðkÞ
0 cosBiðkÞ sinBiðkÞ
3
5
ð9Þ
is the orientation matrix, ½LiðkÞ;BiðkÞ; hiðkÞ is the geodetic co-
ordinate of radar,ZiECEFðkÞ andZiECEF_OðkÞ are themeasurements
of target and radar under the ECEF coordinate, respectively.3.2. Measurement model with high dynamic biasesAssuming that the state vector of near space target under
the ECEF coordinate at time k is
XECEFðkÞ ¼ ½xðkÞ _xðkÞ€xðkÞyðkÞ _yðkÞ€yðkÞzðkÞ _zðkÞ€zðkÞT ð10Þ
When the influence of target hypersonic movement is not
considered, the discrete state equation and measurement
equation are given by
XECEFðkþ 1Þ ¼ FðkÞXECEFðkÞ þVECEFðkÞ ð11Þ
ZiECEFðkþ 1Þ ¼ HðkÞXECEFðkþ 1Þ þWiECEFðkÞ ð12Þ
where FðkÞ is the state transition matrix, HðkÞ is the mea-
surement matrix, VECEFðkÞ and WiECEFðkÞ are the process noise
and measurement noise, respectively.
However, from Eqs. (6)e(8) we see that, when the target
moves at a hypersonic velocity, the high dynamic bias is
DiECEFðkÞ ¼ E


ZiECEFðkÞ
 ZECEFðkÞ
¼MiðkÞ
2
64l
1
qi l
1
fi sinqiðkÞcosfiðkÞ
l1qi l
1
fi cosqiðkÞcosfiðkÞ
l1fi sinfiðkÞ
3
75DriðkÞ ð13Þ
where ZECEFðkÞ is the true value of the target under the ECEF
coordinate.
In this case, if the measurement equation in Eq. (12) is still
used in the tracking of hypersonic target, a remarkable
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Thus, considering the influence of target hypersonic move-
ment on radar detection and tracking, the measurement
equation is modified as
ZiECEFðkþ 1Þ ¼ HðkÞXiECEFðkþ 1Þ þCiðkÞDriðkÞ þWiECEFðkÞ
ð14Þ
where
CiðkÞ ¼MiðkÞ
2
64l
1
qi l
1
fi sin qiðkÞcos fiðkÞ
l1qi l
1
fi cos qiðkÞcos fiðkÞ
l1fi sin fiðkÞ
3
75 ð15Þ
is the coefficient matrix of DrðkÞ.3.3. Influence of high dynamic biases on multi-radar
data associationBased on the modification of measurement equation, Radar
A and B at different sites are utilized to eliminate the influence
of high dynamic biases cooperatively. In this case, we must
firstly determine which measurements from different radars
represent the same target. This determination is known as data
association. (This data association criterion is not the emphasis
of this paper, and can be seen in Ref. [17].)
In the condition of the correct association of different radar
measurements, we can have (see Eq. (13))8>>>>><
>>>>>>:
E


ZAECEFðkÞ
¼ ZECEFðkÞ þMAðkÞ
2
664
l1qA l
1
fA sinqAðkÞcosfAðkÞ
l1qAl
1
fA cosqAðkÞcosfAðkÞ
l1fA sinfAðkÞ
3
775DrAðkÞ
E


ZBECEFðkÞ
¼ ZECEFðkÞ þMBðkÞ
2
664
l1qBl
1
fB sinqBðkÞcosfBðkÞ
l1qBl
1
fB cosqBðkÞcosfBðkÞ
l1fB sinfBðkÞ
3
775DrBðkÞ
ð16Þwhere ZECEFðkÞ is the true value of near space target under the
ECEF coordinate.
Eliminating the true values in Eq. (16), we can haveEq. (17)
can be rewritten asE


ZAECEFðkÞ
E
ZBECEFðkÞ¼MAðkÞ
2
64l
1
qAl
1
fA sinqAðkÞcosfAðkÞ
l1qAl
1
fA cosqAðkÞcosfAðkÞ
l1fA sinfAðkÞ
3
75D
¼ DrAðkÞ
rAðkÞ þDrAðkÞE


ZAECEFðkÞ
 Dr
rBðkÞ þE


ZAECEFðkÞ
¼1þDrAðkÞ
rAðkÞ

1 DrBðkÞ
rBðkÞþDrBðkÞ

E


ZBECEFðkÞ

ð18Þ
It can be seen from Eq. (18) that, when the value of DriðkÞ is
low enough,
YECEFðkÞ ¼ E


ZAECEFðkÞ  ZBECEFðkÞ

z0 ð19Þ
The test statistics (see Ref. [17])
h1ðkÞ ¼ YECEFðkÞT

RAECEFðkÞ þRBECEFðkÞ
1
YECEFðkÞ ð20Þ
approximately submits to the chi-square distribution with 3
degrees of freedom. In this case, the influence of high dynamic
biasDriðkÞ on the association of different radar measurements
can be ignored.
On the contrary, when the value of DriðkÞ is much larger,
there is a significant difference between the measurements of
Radar A and B as follows
YECEFðkÞ ¼ E


ZAECEFðkÞ  ZBECEFðkÞ

s0 ð21Þ
Thus, the test statistics h2ðkÞ submits to the non-central chi-
square distribution with 3 degrees of freedom and non-central
parameter dðkÞ.h2ðkÞ ¼ YECEFðkÞT

RAECEFðkÞ þRBECEFðkÞ
1
 YECEFðkÞ  c2ð3;dðkÞ
 ð22ÞrAðkÞ MBðkÞ
2
64l
1
qBl
1
fB sin qBðkÞcosfBðkÞ
l1qBl
1
fB cosqBðkÞcosfBðkÞ
l1fB sinfBðkÞ
3
75DrBðkÞ
BðkÞ
DrBðkÞE


ZBECEFðkÞ
 ð17Þ
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
RAECEFðkÞ þRBECEFðkÞ
1
YECEFðkÞT ð23Þ
Obviously, the test statistics h2ðkÞ in Eq. (22) is not suitable
for the existing chi-square statistic criterion in Ref. [17]. And
from Fig. 2, we see that a large probability of false association
is produced when the existing chi-square statistic criterion is
directly used.3.4. The cancellation processing based on radial
velocity estimationIn view of this situation, the radial velocity measurement
_riðkÞ is brought into Eq. (14), and the high dynamic bias
DriðkÞ is compensated by Eq. (4). Thus the problem of target
tracking with high dynamic biases is transformed to the one
with lower dynamic biases.
We assume that bvðkÞ is the estimation of radial velocity
measurement _riðkÞ during the target tracking. Then the high
dynamic bias DriðkÞ in Eq. (4) can be approximately obtained
by
DriðkÞz2bvðkÞ tic
Bili
ð24Þ
where
bvðkÞ ¼ xðkÞ _xðkÞ þ yðkÞ _yðkÞ þ zðkÞ _zðkÞﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2ðkÞ þ y2ðkÞ þ z2ðkÞp ð25Þ
The measurement equation in Eq. (14) can be modified by
~Z
i
ECEFðkþ 1Þ ¼ HðkÞXECEFðkþ 1Þ þCiðkÞD~riðkÞ þWiECEFðkÞ
ð26Þ
where bZ iECEFðk þ 1Þ is the compensated target measurement,
D~riðkÞ is the lower dynamic bias which is compensated by the
radial velocity estimation, and
~Z
i
ECEFðkþ 1Þ ¼ ZiECEFðkþ 1Þ CiðkÞbDriðkÞ ð27Þ
D~riðkÞ ¼ DriðkÞ  2bvðkÞ tic
Bili
ð28ÞFig. 2. Non-central chi-squared PDF.CiðkÞ ¼MiðkÞ
2
64l
1
qi l
1
fi sin qiðkÞcos fiðkÞ
l1qi l
1
fi cos qiðkÞcos fiðkÞ
l1fi sin fiðkÞ
3
75 ð29Þ
It can be seen from Eq. (28) that a much lower dynamic
bias D~riðkÞ can be obtained with the compensation of radial
velocity estimation. In this case, from Eqs. (18)e(20) we
know that the correct association of different radar measure-
ments can be performed successfully.
Based on the correct association of different radar mea-
surements, a cancellation equation is established to eliminate
the influence of high dynamic biases. We assume that, in the
condition of time synchronization, the modified measurement
equation of Radar A and B are given by
~Z
A
ECEFðkÞ ¼ HðkÞXECEFðkÞ þCAðkÞD~rAðkÞ þWAECEFðkÞ ð30Þ
~Z
B
ECEFðkÞ ¼ HðkÞXECEFðkÞ þCBðkÞD~rBðkÞ þWBECEFðkÞ ð31Þ
where DbrAðkÞ and DbrBðkÞ are the compensated lower dynamic
biases of Radar A and B, CAðkÞ and CBðkÞ are the coefficient
matrixes of DbrAðkÞ and DbrBðkÞ, respectively.
Subtracting Eq. (31) from Eq. (30) yields
½D~rAðkÞ;D~rBðkÞT ¼ ½CAðkÞ;CBðkÞ1
h
~Z
A
ECEFðkÞ  ~Z
B
ECEFðkÞ
WAECEFðkÞ þWBECEFðkÞ
i
ð32Þ
Adding Eqs. (30) and (31) together yields
~Z
A
ECEFðkÞ þ ~Z
B
ECEFðkÞ ¼ 2HðkÞXECEFðkÞ
þ ½CAðkÞ;CBðkÞ½D~rAðkÞD~rBðkÞT
þWAECEFðkÞ þWBECEFðkÞ
ð33Þ
Substituting Eq. (33) into Eq. (32), we can get the following
cancellation equation which is merely related to the target state
ðIDðkÞÞ ~ZAECEFðkÞ þ ðIþDðkÞÞ ~Z
B
ECEFðkÞ
¼ 2HðkÞXECEFðkÞ þ ðIDðkÞÞWAECEFðkÞ
þ ðIþDðkÞÞWBECEFðkÞ ð34Þ
where
DðkÞ ¼ ½CAðkÞ;CBðkÞ½CAðkÞ;CBðkÞ1 ð35Þ3.5. Measurement model analysisAs seen in Eq. (34), the influence of high dynamic biases on
target tracking can be eliminated effectively by the cancella-
tion equation when the measurements from different radars are
associated correctly. An important question is proposed in
which the compensated measurement ~Z
i
ECEFðkÞ in Eq. (34) can
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errors.
Since the cancellation equation above is established on the
assumption of time synchronization, the time alignment must
be performed firstly if the measurement ZiECEFðkÞ is directly
used to eliminate the high dynamic biases. The interpolation/
extrapolation algorithm is taken as an example, and the mea-
surements ZBECEFðkBÞ and ~Z
B
ECEFðkBÞ of Radar B at time kB are
aligned to the time kA of Radar A8>><
>>:
ZABECEFðkAÞ¼ZBECEFðkBÞþ


ZBECEFðkBÞZBECEFðkB1Þ

TB
ðkAkBÞ
~Z
AB
ECEFðkAÞ¼ ~Z
B
ECEFðkBÞþ
h
~Z
B
ECEFðkBÞ ~Z
B
ECEFðkB1Þ
i
TB
ðkAkBÞ
ð36Þ
Substituting Eqs. (4), (13), and (27) into Eq. (36) yields
E
ZABECEFðkAÞ¼ ZECEFðkAÞ þDBECEFðkBÞ þDABECEFðkAÞ
E
h
~Z
AB
ECEFðkAÞ
i
¼ ZECEFðkAÞ ð37Þ
where ZABECEFðkAÞ and ~Z
AB
ECEFðkAÞ are the time alignment mea-
surements of ZBECEFðkBÞ and ~Z
B
ECEFðkBÞ, respectively,
ZECEFðkAÞ is the true value of the target measurement at time
kA, D
B
ECEFðkBÞ is the high dynamic bias at time kB, DABECEFðkAÞ
is the time alignment bias at time kA, and
DABECEFðkBÞ ¼ 2
tBc
BBlB
CB
½vBðkBÞ  vBðkB  1Þ
TB
ðkA  kBÞ ð38Þ
where TB is the sampling time of Radar B, kA and kB are the
time nodes of the measurements of Radar A and B,
respectively.
From Eq. (37) we see that the time alignment measure-
ment ZABECEFðkAÞ is additionally impacted by the high dy-
namic bias DBECEFðkBÞ and the time alignment bias
DABECEFðkAÞ compared with the compensated measurement
~Z
AB
ECEFðkAÞ. In this case, if the uncompensated measurement
ZiECEFðkÞ is used to establish the cancellation equation
directly, the result leads to the significant errors which affect
the target tracking seriously. Therefore, the cancellation
equation must be established by the compensated measure-
ment ~Z
i
ECEFðkÞ.ZojECEFðkþ 1Þ ¼
1
2

ðIDðkÞÞZAECEFðkþ 1Þ þ ðIþDðkÞÞZBECEFðkþ 1Þ
¼ Hðkþ 1ÞXECEFðkþ 1Þ þ 1
2

ðIDðkÞÞWAECEFðkþ 1Þ3.6. IMM tracking
3.6.1. Model selecting
Considering the complexity of target trajectory, the CA,
CT, and Singer models are selected as the sub-models of IMM
to achieve the tracking of hypersonic sliding target in near
space. The model selecting is organized as follows.
First of all, Singer model is chosen as the chief model of the
IMM tracking. It is a typical global statistic model which not
only considers the whole possibility of target maneuvering
motion, but also balances the precision of the non-
maneuvering model. Then CA model is used to further
improve the tracking accuracy of Singer model. This is
because the trajectory of near space target can be also
approximately regarded as a combination of multiple trajec-
tories with constant acceleration when the sampling time is
short enough. Finally, CT model is used to make up for the
weakness of Singer model in tracking of strong maneuvering
target.
3.6.2. Sub-model filtering with cancellation equation
In the condition of the reasonable selection of each sub-
model, the sub-model is combined with the cancellation
measurement equation above to further achieve the tracking of
hypersonic sliding target in near space.
We assume that the input state vector and its covariance of
sub-model jðj ¼ 1; 2; 3Þ at time k are XojECEFðkjkÞ and
PojECEFðkjkÞ, respectively. Then we construct the predicted
vector and its covariance to further remove the influence of
high dynamic biases
XojECEFðkþ 1jkÞ ¼
1
2

ðIDðkþ 1ÞÞXojECEFðkþ 1jkÞ
þ ðIþDðkþ 1ÞÞXojECEFðkþ 1jkÞ
 ð39Þ
XojECEFðkþ 1jkÞ ¼ FðkÞXojECEFðkjkÞ ð40Þ
PojECEFðkþ 1jkÞ ¼ FojðkÞPojECEFðkjkÞFojðkÞT þQðkÞ ð41Þ
It can be seen from Eq. (39) that the predicted vector is
equivalent to the originally predicted vector XojECEFðk þ 1jkÞ, so
the predicted measurement is given by
ZojECEFðkþ 1jkÞ ¼ Hðkþ 1ÞXojECEFðkþ 1jkÞ ð42Þ
Meanwhile, we get the cancellation measurement from Eq.
(38) as follows
þ ðIþDðkÞÞWBECEFðkþ 1Þ
 ð43Þ
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given by
Vðkþ 1Þ ¼ ZojECEFðkþ 1Þ  ZojECEFðkþ 1jkÞ ð44Þ
And the filter gain is given bySðkþ 1Þ ¼ Hðkþ 1ÞPojECEFðkþ 1jkÞHTðkþ 1Þ þ
1
4

ðIDðkÞÞRAECEFðkþ 1ÞðIDðkÞÞT þ ðIþDðkÞÞRBECEFðkþ 1ÞðIþDðkÞÞT
ð45ÞKðkþ 1Þ ¼ PojECEFðkþ 1jkÞHTðkþ 1ÞS1ðkþ 1Þ ð46Þ
Thus the output state and its covariance of sub-model j are
updated by
XjECEFðkþ 1jkþ 1Þ ¼ Xojðkþ 1jkÞ þKðkþ 1ÞVðkþ 1Þ ð47Þ
PjECEFðkþ 1jkþ 1Þ ¼ Pojðkþ 1jkÞ
Kðkþ 1ÞSðkþ 1ÞKTðkþ 1Þ ð48Þ
3.6.3. Model interaction
In the condition of the implementation of each sub-
model filtering with cancellation equation, the IMM algo-
rithm in Ref. [18] is used to obtain the optimal state es-
timate of hypersonic sliding target in near space. The
architecture of the IMM algorithm is illustrated in Fig. 3.
The complete recursion of the IMM algorithm is seen in
Ref. [18].
4. Simulation
Computer simulation is used to study the performance of
the proposed tracking algorithm, and four methods in Section
4.1 are compared with the proposed method in this paper.Fig. 3. The architecture4.1. ScenarioIn this section, the target trajectory is built in the geodetic
coordinate, the measurements are obtained in the polar coor-dinate of the radar, and the tracking of near space target is
achieved in the ECEF coordinate.
1) Trajectory building
In the scenario, the trajectory of near space target is built
according to the S-trajectory (Sanger trajectory) [19]. And in
the S-trajectory, the target moves at a hypersonic velocity
owing to the composite forces of thrust, lift, drag, and gravity.
The implementation of the trajectory building can be seen in
Ref. [20].
Assuming that the initial position of target is given by
½N30 ;E130 ; 16 km with an initial speed of 5 Ma. At the
initial time, the mass of target is 3600 kg, the angle-of-
attack is 1, and the heading angle and the flight path
angle is 260 and 0, respectively. In the simulation con-
ditions above, the hypersonic sliding trajectory in near space
is given in Fig. 4.
2) Radar measurements
The near space target is tracked by Radar A and B at
different sites. The positions of two radars are
½N33 ;E130:5 ; 0 km and ½N37 ;E130:5 ; 0 km, respectively.of IMM algorithm.
Fig. 4. Target trajectory in near space under the geodetic coordinate.
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wavelength is 0.15 m, the pulse signal width and the band-
width are 600 ms and 1.5 MHz, respectively. The measurement
errors of slant range, azimuth angle, elevation angle and ve-
locity are 100 m, 0.2, 0.2, and 100 m/s, respectively. The
sampling period is 0.05 s.Fig. 5. Trajectory and tracking results of hypersonic target in near space.
Fig. 6. Target state estimate errors of different tracking algorithms.4.2. Simulation results and discussion
4.2.1. Example 1
To analyze the effect of target hypersonic movement on
near space target tracking, the proposed method is compared
with the IMM tracking algorithm in Ref. [8].
Fig. 7. Probability of correct association for different tracking algorithms.
Fig. 8. Target state estimate errors for different tracking algorithms.
378 X.Y. ZHANG et al. / Defence Technology 11 (2015) 370e381Fig. 5 shows the trajectory and tracking results of the
hypersonic sliding target in near space. To simplify the
analysis, only the duration of ð0; 50sÞ is allowed here. From
Fig. 5 we see that the target state estimation leads to a
remarkable deviation under the influence of high dynamic
biases, while the proposed method can solve the problem
better.
Fig. 6 shows the target state estimate errors of different
tracking algorithms. The proposed method has smaller posi-
tion estimate error and faster convergence rate compared to the
IMM tracking algorithm in Ref. [8] (see Fig. 6(a)), and the
position estimate error of the proposed method is decreased by
1500 m after the compensation of high dynamic biases. It can
be seen form Fig. 6(b) and (c) that there is little difference on
velocity estimation and acceleration estimation between the
two methods.
Therefore, target hypersonic movement has a great differ-
ence on the position estimate, but has little influence on ve-
locity estimation and acceleration estimation.
4.2.2. Example 2
To analyze the necessity of measurement compensation by
radial velocity estimation, the proposed method is compared
with the tracking algorithm in Ref. [21] in the case of time
synchronization.
Fig. 7 shows the probability of correct association for
different tracking algorithms. The proposed method has a
larger probability of correct association under the influence of
high dynamic biases, and the correct association probability
can reach to 90%. While the probability of correct association
of the tracking algorithm in Ref. [21] is relatively low, and the
correct associations of different radars are even unable to be
performed at the initial time.
Fig. 8 shows the target state estimate errors for different
tracking algorithms. The target state estimate errors of the
proposed method are much lower than those of the tracking
algorithm in Ref. [21] under the influence of high dynamic
biases. And compared with the tracking algorithm in Ref. [21],
the proposed method has a great improvement on targetposition estimation, while the improvements of velocity esti-
mation and acceleration estimation are relatively small.
Therefore, it is necessary to compensate the target mea-
surements by radial velocity estimation in the case of time
synchronization.
Fig. 9. Time alignment errors for different tracking algorithms.
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To further analyze the necessity of measurement compen-
sation by radial velocity estimation, the proposed method is
compared with the tracking algorithm in Ref. [22] in the case
of time non-synchronization. In this example, the sampling
time of Radar A and B are 0.1s and 0.15s, respectively.Fig. 10. Probability of correct association for different tracking algorithms.Fig. 9 shows the time alignment errors for different tracking
algorithms, where the sampling times of Radar A and B are both
aligned to a common interval of 0.05s. Under the influence of
high dynamic biases, the time alignment errors of the proposed
method are lower than those of the tracking algorithm inFig. 11. Target state estimate errors for different tracking algorithms.
Fig. 12. Target state estimate errors for different tracking algorithms.
380 X.Y. ZHANG et al. / Defence Technology 11 (2015) 370e381Ref. [22], and the time alignment errors of the proposed method
are decreased by approximately 2000 m. Fig. 10 shows the
probability of correct association for different tracking algo-
rithms. Under the influence of high dynamic biases, the pro-
posed method has a larger probability of correct association,
which is more than 90%. While the correct association proba-
bility of the tracking algorithm in Ref. [22] is relatively low, and
increases first and then decreases, which is due to the fast
changing of radial velocity when the target is close to the radar.
Fig. 11 shows the target state estimate errors for different
tracking algorithms. The target state estimate errors of the
proposed method are much lower than those of the tracking
algorithm in Ref. [22] under the influence of high dynamic
biases. It can be seen from Fig. 11 that the proposed method
has a great improvement on position estimation especially
after the time of 100 s. While the improvement of velocity
estimation and acceleration estimation is relatively small.
Therefore, it is necessary to compensate the target mea-
surements by radial velocity estimation in the case of time
non-synchronization.
4.2.4. Example 4
To verify the superiority of cancellation processing of high
dynamic biases, the proposed method is compared with the all
augmented model (AAM) tracking algorithm in Ref. [23].
Fig. 12 shows the target state estimate errors for different
tracking algorithms. The position estimate errors of the pro-
posed method are much lower than those of the tracking algo-
rithm in Ref. [23], and the tracking accuracy is increased by
about 1000mwhen the cancellation processing of high dynamic
biases is used. The velocity and acceleration estimate errors of
the proposed method are also lower than those of the tracking
algorithm in Ref. [23], and there is a great improvement on the
tracking stability. This is because the high dynamic biases are
considered to be constant by the tracking algorithm in Ref. [23],
but the high dynamic biases are time-varying in realize, so the
velocity and acceleration estimate errors of the tracking algo-
rithm in Ref. [23] inevitably increase.
Hence, compared with the tracking algorithm with the
systematic biases, the hypersonic target tracking in near space
can be performed more accurately.
4.2.5. Example 5
To verify the superiority of the proposed method, it is
compared with the method in Ref. [24].
Fig. 13 shows the target state estimate errors for different
tracking algorithms. The position, velocity and acceleration
estimate errors of the proposed method are much lower than
those of the signal processing method in Ref. [24]. This is
because the high dynamic biases can be compensated more
accurately with the real-time estimation of radial velocity in
the proposed method. While the accuracy of radial velocity
estimation of the signal processing method in Ref. [24] is
much worse than that of the proposed method.
Hence, compared with the existing signal processing
method, the hypersonic target tracking in near space can be
performed more accurately with the proposed method.5. Conclusions
In this paper, the influence of target hypersonic movement
on radar detection and tracking was discussed. When the target
moves at a hypersonic velocity, the high dynamic biases are
brought into the radar measurements, and seriously affect the
381X.Y. ZHANG et al. / Defence Technology 11 (2015) 370e381target tracking and association. In view of the situation, an
IMM tracking algorithm was proposed, which is based on the
radial velocity estimation and the cancellation processing of
high dynamic biases. Through the radial velocity compensa-
tion and the cancellation processing of high dynamic biases,Fig. 13. Target state estimate errors for different tracking algorithms.the correct probability of multi-radar data association was
greatly improved, and the tracking accuracy of hypersonic
sliding target in near space was largely enhanced.
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